Electrical generation of THz spin waves is theoretically explored in an antiferromangetic nanostrip via the current-induced spin-orbit torque. The analysis based on micromagnetic simulations clearly illustrates that the Néel-vector oscillations excited at one end of the magnetic strip can propagate in the form of a traveling wave when the nanostrip axis aligns with the magnetic easyaxis. A sizable threshold is observed in the driving current density or the torque to overcome the unfavorable anisotropy as expected. The generated spin waves are found to travel over a long distance while the angle of rotation undergoes continuous decay in the presence of non-zero damping. 
The magnetization fluctuations in the magnetically ordered materials can propagate in the form of a wave, which is the so-called spin wave. From the equivalent quasi-particle point of view, the quanta of spin waves are known as magnons. The spin waves can carry information without involving the charge current flow and, thus, potentially offer an effective medium for low-power computing technologies. [1, 2] A majority of the investigation on the spin waves and their applications have so far been focused on the ferromagnetic (FM) structures. Accordingly, the typical characteristic frequencies of the magnonic devices have been in the GHz range due to the limitation in the intrinsic FM resonance. Recently, the antiferromagnetic (AFM) materials have begun to receive much attention as an alternative for they can in principle exhibit a similar spintronic effect with a much higher response frequency and energy efficiency. [3, 4] Not only the wave frequency defines the maximum clock rate of a computing device but also a host of other applications beyond the logic/memory realm become accessible once the spin wave reaches the THz regime. The presence of two degenerate modes with opposite circular polarizations in the AFM spin waves offers yet another degree of freedom to encode the information. [5] [6] [7] The fact that the AFM thin films are not subject to the demagnetization field also makes them a promising candidate for the spin-wave channel as the collective excitations can remain stable over a longer distance.
The relative abundance of dielectric antiferromagnets provides an additional flexibility in selecting the materials with desired properties.
The spin-wave excitation has been achieved optically, [8] thermally, [9] and via electrical methods utilizing the antennas. In the latter (which is the most commonly adopted approach), the electromagnetic signal applied to a microwave antenna excites magnetization precession in the magnetic material via an alternating Oersted field induced around the antenna. [10] [11] [12] [13] As such, an external microwave source is needed for this scheme, not to mention the lack of electrical tunability. In contrast, a promising alternative approach demonstrated recently [15] took advantage of the magnetization auto-oscillations induced by the spin-transfer torque − a topic of intense investigation since its introduction [14] and guided their propagation along a FM strip. Since persistent rotations of the Néel vectors can be excited likewise in the AFM structures via the effective spin torques as shown experimentally in the literature, [16] it is not unreasonable to anticipate the generation and subsequent propagation of traveling AFM spin waves in a thin-film strip through electrically controlled mechanisms. The approach based on the spin-orbit torque (SOT) is particularly attractive as it can be applied to the broadly available insulating AFM materials. [4] The studies on the AFM spin-Hall oscillators (i.e., driven by the SOT) have mainly considered the magnetic materials with easy-plane anisotropy, in which the easy plane is aligned normal to the polarization of the induced spin-Hall current. [17] As there is no anisotropy to overcome, the Néel-vector precessions with 90
• axial tilt (i.e., right-angle oscillations)
can be excited without the threshold. [17, 18] In other words, even a low driving torque (or the current) can generate the spin oscillations. However, it was found from a theoretical analysis that this configuration is actually not conducive to the traveling waves. [19] When the AFM layer is extended into a long nanostrip waveguide along the axis of rotation, the Gilbert damping progressively reduces the rotation frequency at the wave front, limiting the number of allowed spiral oscillations away from the excitation point. The precessions around the hard axis are clearly not the characteristic magnon modes of the AFM material.
Thus, a different configuration may be needed for the spin excitations that can subsequently travel a long distance once generated. Note that spin transport studied in context of superfluidity [20] [21] [22] is different from those excited by the effective spin torques. Spin superfluid appears in the material with a spectrum of elementary excitations that can transfer spin accumulation. Thus, superfluidity is attributed to the group of magnetic materials with a specific symmetry. By contrast, application of a spin torque creates a magnetic texture that locally breaks the symmetry of the magnetic ordering. In addition, the torque-inducing spin current for the latter is usually applied normal to the intended direction of spin oscillation propagation (e.g., z vs. x), whereas the spin current injection in the case of superfluidic transport is aligned along the channel axis.
In this work, we theoretically demonstrate that electrical generation and propagation of Néel-vector oscillations can be achieved in an easy-axis AFM thin film. The results from the micromagnetic simulations also illustrate the possibility to actively modulate the key characteristics of the excited spin waves, such as the frequency and the velocity, as well as the superposition between them. This approach utilizing the effective spin torque is expected to be far more efficient and compact than the conventional antenna based method, not to mention the accompanying tunability.
The magnonic structure under consideration is plotted in Fig. 1. An electrical current flowing through a material with strong spin-orbit coupling [in this case, a heavy metal (HM)]
induces the anti-damping SOT in the adjacent AFM layer (with easy x-axis). With only a portion of the magnet excited, the problem is different from those studied earlier where the entire nanoparticle was driven by the applied spin torque. [4, 17] In addition, the rotations are now around the easy axis (x) unlike the cases such as spin superfluidity discussed above (i.e., the hard axis). Both the A-type and G-type AFM materials (preferably insulating or dielectric to avoid the electrical current dissipation) can be used; an A-type is assumed in the current study to be specific. With the spin oscillations driven directly at one end of the AFM strip, the excited waves are naturally guided along the magnetic layer. While not shown, additional gate structures can be applied to the channel for further manipulation of the spin-wave properties. Conversion back to the electrical signal can be achieved at the other end of the AFM strip by way of the inverse spin-Hall effect. [9, 23] The AFM film is also taken to be sufficiently thin in the z direction to ensure the uniformity along this axis (thinner than the typical AFM exchange length of tens of nanometers). [24] The desired dynamics are analyzed by numerically solving the Landau-Lifshitz-Gilbert (LLG) equation based on Object Oriented MicroMagnetic Framework (OOMMF). [25] In this approach, the magnetic layer under consideration is discretized into small cells. The evolution of the magnetization in each cell is governed by the LLG equation
where m denotes the unit local sublattice magnetization vector, γ is the gyro-magnetic ratio, α gives the Gilbert damping constant, and the macroscopic effective field H eff ∝ ∂H ∂m is obtained from the Hamiltonian H of the cell that accounts for the exchange interaction and the anisotropy energy. In the problem at hand, sublattices A and B are coupled antiferromagnetically to each other via the exchange interaction, which can be considered with a simple change of sign in the coupling (to negative). The last term on the right-hand side of Eq. (1) describes the anti-damping torque induced by the spin current J s ; [18, 25] 
Here, e is the electron charge, µ 0 the vacuum permeability, d the thickness of the magnetic layer, M s the sublattice magnetization, andσ the unit vector of the spin-current polarization.
As the net magnetization is essentially zero (m A + m B ≈ 0), it is more convenient to define the normalized Néel vector n given as m A − m B . Example of OOMMF applied to the AFM systems are readily available in the literature. For instance, an additional discussion of the model can be found in Ref. 26 .
In the actual implementation, J s in Eq. (2) that stems from the spin-Hall effect can be further expressed in terms of the driving electrical current J c in the HM layer as
where θ sh is the spin-Hall angle. The experimentally measured values of θ sh are typically in the range of 0.012 ∼ 0.12. [27] In this calculation, it is assumed that the y-directional driving current results in J s ẑ andσ x with θ sh = 0.1. The SOT (i.e., T sc ) is applied only in the initial 30 nm of the AFM strip which has the dimensions of 600×20×1 nm 3 .
As for the properties of the AFM film, the easy x-axis anisotropy of K The feasibility of the desired spin-wave generation is showcased in Fig. 1 with a snapshot of the Néel vector along the AFM strip (i.e., the z-component calculated at an instant).
The color coded plot strongly indicates the formation of a uniform wave pattern through the guiding channel in a steady state that is triggered by local excitation of Néel-vector oscillations via the SOT. The decay in the "amplitude" (i.e., the color getting dimmer)
is also apparent along the propagation direction as in any oscillators subjected to non-zero damping. The observed decay in the magnitude of n z is in fact due to the continued reduction in the angle of rotation around the x direction, resulting in the eventual alignment of the Néel vector along the easy axis [ Fig. 1(b) ]. Nonetheless, the helical trajectories along the AFM strip maintain a constant wavelength λ and frequency f , and can travel over a long distance (> 1 µm) [29] without losing the phase information. This process simply corresponds to the gradual relaxation of the initial large-angle oscillations into a characteristic (or typical) spin-wave mode around the easy axis, which is not possible when the excited precession is around a magnetically hard direction (i.e., the case of easy-plane anisotropy). Note that the magnetization dynamics here can be analyzed conveniently in the 1+1 space-time (x,t) coordinate as the nanostrip dimensions in the y and z directions are taken to be sufficiently smaller than the typical AFM exchange length (i.e., little/no variation in y and z). [24] Accordingly, the rotation frequency can be determined locally from the temporal dynamics of the Néel-vector trajectories projected on the y-z plane. As mentioned above, it stays 5 constant independent of the position x once the system reaches a steady state.
The details of the excited spin-wave dynamics in the region of excitation are more clearly illustrated in Fig. 2 . With the application of the SOT at t = 0, the spins are driven away from the easy x-axis to oscillate around it (n x < 1). Similar to the discussion in Ref. 4, the precession angle (i.e., the axial tilt) gradually increases until it reaches 90 • (i.e., the right-angle precession) when the damping is not considered. In the presence of non-zero α, however, the anti-damping spin torque that works to grow the axial tilt gets compensated by One advantage of this electrical spin-wave generation method is the possibility to actively tune the spin-wave frequency in a broad range. When J c exceeds the threshold, an intuitive expectation is that a stronger anti-damping torque (i.e., a higher J c ) would result in not only a larger angle of rotation but also a higher rotation frequency. The simulation result plotted in Fig. 3(a) indeed illustrate this behavior where the frequency of the spin-wave eigenmode linearly increases with the driving current, reaching the THz range. The necessary value for J c can be reduced if a material with a larger θ sh is used for the spin-orbit coupled layer (such as a topological insulator). For the traveling mode, the group velocity is another significant parameter as it determines the propagation speed. The dispersion relation between the an-gular frequency ω (= 2πf ) and the wavevector k (= 2π/λ) shows a nearly linear dependence whose slope can be tailored by, among others, the exchange stiffness A ex and the sublattice magnetization M s . Figure 3 Along with the frequency and propagation velocity, the phase of the spin wave is another controllable property that can play a significant part in the magnon-based devices.
[1] The spin waves propagate a long distance in the AFM strip without losing the phase information even in the presence of non-zero damping. As the spin oscillation dynamics depend sensitively on the magnetic anisotropy, a change induced in the latter is expected to cause a shift in the spin-wave phase. The studies in the literature have shown that modulation of the anisotropy profile can be achieved with an electrical control via the magneto-electric or magneto-elastic effects. [33, 34] For instance, the z-component of the magnetic anisotropy can be either strengthened or weakened by switching the polarity of the electrical bias field applied in the same direction. The introduced change in the anisotropy profile alters the total energy of the system and, thus, the effective field H eff in Eq. (1). Our simulation confirms the subsequent impact on the spin-wave phase, illustrating a possibility to dynamically control this property (see Supplemental Material for additional details).
In analogy to the optical devices, the spin-wave polarization can also be harnessed to encode the information. Our calculations illustrate that the left or right handedness in the excited Néel-vector rotation can be determined by the direction of the driving current (i.e., J c +ŷ or −ŷ, respectively). This gives a convenient way to encode binary logic states "1"
and "0". Considering the ease of read-out, on the other hand, the linear polarization offers an alternative scheme that may be more amenable for electrical detection than the encoding based on the chirality. [5] Utilizing the wave-like interference concept discussed earlier in the literature, [1] we explore a possible approach to generate linear polarized spin waves through superposition of multiple spin waves. Specifically, a Y-shaped AFM structure with two input terminals is examined as shown in Fig. 4(a) . Two excitation currents, J 1 and J 2 , are applied to the HM layer at the respective input terminals. When |J 1 | = |J 2 | and antiparallel to each other, two excited spin-wave signals have opposite chirality (one left-handed and the other right-handed), the superposition of which are expected to produce a linearly polarized wave in the output channel. Micromagnetic simulations show that this is indeed the case. As illustrated in Fig. 4(b) , the y and z components of the Néel vector rotate in phase once two input spin waves interfere with each other. As for n x , it oscillates around a value slightly smaller than 1. The observed behavior is in contrast to the circularly polarized spin-wave dynamics depicted in Fig. 2(a) , where n y and n z are 90
• out of phase. Figure 4 (c) provides the three-dimension trajectory and its projection on the y-z plane at a specific location, more clearly revealing the linearly polarized nature of the output wave. The phases of the two input waves need to be controlled to achieve the desired output signal, for which the effects of random thermal motions can complicate the picture at elevated temperatures. The damping constant α is another parameter that needs to be optimized to extend the range of large-angle oscillations.
In summary, the excitation and propagation of spin waves via the current induced SOT in the AFM thin films are theoretically illustrated. The results from the micromagnetic simula- 
